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Three genotypes of hepatitis delta virus (HDV) have been identified, each with different geographic distributions and
disease associations. To better define the geographic distribution and genetic variability of HDV genotype I, and to evaluate
the extent of genome variability in populations with different patterns of HDV infection, we have analyzed the sequence of
HDV RNA in the sera of 72 patients from different areas. Patients were primarily residents of the United States and areas
in and around Greece, including Archangelos, Rhodes. All sequences obtained belonged to HDV genotype I, confirming the
wide geographic distribution of this genotype and its predominance in Europe and the United States. In contrast to previous
studies, phylogenetic analysis of this large and diverse group of sequences, along with all available previously published
HDV sequences, showed no well-defined subtypes within genotype I. Low sequence diversity was found for isolates from
the United States, Archangelos, Turkey, and Albania, suggesting that HDV was introduced more recently and/or from fewer
sources into these areas as compared to mainland Greece, Italy, and north Africa, where sequence diversity is much
greater. The low sequence diversity among isolates from Archangelos is particularly interesting in light of the unusually
mild pattern of HDV disease found in this community. Comparison of nucleic acid and amino acid sequences within and
among genotypes indicated both highly conserved regions as well as genotype-specific sequences that could be related
to functional differences. The most distinctive of the latter was that corresponding to the C-terminal 19–20 amino acids of
the long form of hepatitis delta antigen, which is highly conserved within each genotype but considerably diverged among
them. q 1997 Academic Press
INTRODUCTION of Archangelos on the Greek island of Rhodes (Hadziyan-
nis et al., 1987).
Hepatitis delta virus (HDV) is a unique subviral infec- Genetic analysis of HDV isolates from different areas
tious agent that requires hepatitis B virus for infection has indicated that there are at least three genotypes
(Smedile et al., 1994). The virus has three components: (Casey et al., 1993). The genotypes have different geo-
a 1.7-kb single-stranded circular RNA, hepatitis delta an- graphic distributions and have been associated with dif-
tigen (HDAg), which is the sole virally encoded protein, ferent disease patterns (Casey et al., 1993; Wu et al.,
and hepatitis B surface antigen, which serves as the 1995c; Niro et al., 1997). Genotype I is the most wide-
envelope (Bergmann and Gerin, 1986; Bonino et al., 1981, spread geographically: it has been found in Europe,
1984, 1986). Disease associated with HDV infection is North America, north Africa, the Middle East, and east
typically more severe than that due to HBV infection Asia (Casey et al., 1993; Wu et al., 1995c; Zhang et al.,
alone, but can vary widely in different epidemiologic set- 1996). Initial reports based on relatively small numbers
tings (Rizzetto et al., 1992). Endemicity is low in the United of sequences suggested that genotype I could be further
States, where transmission is often related to intrave- divided into phylogenetic subtypes (Casey et al., 1993;
nous drug use, but is higher in parts of Greece and Italy, Zhang et al., 1996). In contrast, more recent phylogenetic
where familial transmission predominates (Rizzetto et al., analysis did not support the existence of well-defined
1991). Interestingly, disease patterns are relatively mild subtypes of HDV genotype I (Niro et al., 1997); however,
in some areas of high endemicity, such as the community this analysis did not include some recently published
and highly diverged sequences from north African iso-
lates that were suggested to form a distinct subtype
Sequence data from this article have been deposited with the Gen- (Zhang et al., 1996). The disease pattern associated with
Bank Data Library under Accession Nos. AF008309–AF008375. infection by HDV genotype I appears to be highly vari-1 Current address: Division of Transplantation Medicine, University
able, ranging from severe to mild (Niro et al., 1997). Geno-of Pittsburgh Medical Center, Pittsburgh, PA.
type II has been found only in East Asia (Taiwan and2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (301) 881-0810 E-mail: caseyj@medlib.georgetown.edu. Japan) (Wu et al., 1995a,c; Imazeki et al., 1990; Lee et al.,
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1996) and has been suggested to be associated with a RNA analysis
milder disease course than type I infection, which also
HDV RNA was extracted from 50 ml of serum and sub-occurs in this region (Wu et al., 1995c). Genotype III is
jected to reverse transcription and nested polymeraseexclusively associated with HDV infection in northern
chain reaction (PCR) amplification, as described (Niro etSouth America (Casey et al., 1993, 1996), where the pat-
al., 1997). The detection limit of this assay is 1–10 ge-tern of disease due to HDV infection is particularly severe
nome equivalents, or 1,000–10,000 genomes/ml of se-(Maynard et al., 1987).
rum (A. Smedile, unpublished observation). The regionAnalysis of the predominance of HDV genotypes and
of the genome amplified was between nucleotides 907the degree of sequence variability within geographic re-
and 1264 (Niro et al., 1997; Casey et al., 1993), whichgions requires the analysis of numerous samples. Such
includes the C-terminal half of the delta antigen encodingextensive analysis has been reported for sequences from
region, the RNA editing site (Luo et al., 1990; Casey etparts of Italy (Niro et al., 1997), where HDV is endemic,
al., 1992), and the polyadenylation signal site (Hsieh et
but is lacking from other areas of the world. Analysis of
al., 1990). Standard precautions were taken to minimize
HDV sequences from over 40 Italian HDV-infected pa-
potential contamination of samples prior to and during
tients indicated that genotype I is the only HDV type
PCR analysis (Kwok and Higuchi, 1989). In addition, neg-
found in that country (Niro et al., 1997). Comparison of
ative controls (50 ml of uninfected serum) were inter-
Italian HDV sequences with small numbers of sequences
spersed between test samples; a positive result from
from other areas suggested that the extent of sequence
any of the negative control samples was considered to
variability might be greater among Italian isolates. Very
invalidate the results for the entire panel of samples in
few sequences have been reported from the United that assay, which was, in that event, repeated beginning
States, where HDV infection is much less common and with the RNA extraction step. PCR products were purified
is limited to individuals in high-risk groups, or from parts by agarose gel electrophoresis and extraction with silica
of Greece, where HDV infection has a higher endemicity. matrix (Geneclean Kit, Bio 101 Inc., La Jolla, CA), then
Of particular interest in Greece is the community of Arch- directly sequenced with the dsDNA Cycle Sequencing
angelos, Rhodes, where endemic HDV infection is asso- system (GIBCO-BRL, Grand Island, NY), as described
ciated with particularly mild chronic disease (Hadziyan- (Niro et al., 1997).
nis et al., 1987).
In order to compare genetic variations of HDV in areas Phylogenetic analysis
of high and low endemicity and to better define the geo-
Sequences were compared by phylogenetic analysisgraphic distribution and the extent of sequence variability
(Harvey et al., 1991; Hillis et al., 1994; Beanland andof HDV genotype I, we have studied the HDV RNA se-
Howe, 1992) with the following programs: (i) fastDNAml, aquence of 72 isolates, most of which were from the
modified version of DNAml, which computes phylogeniesUnited States and parts of Greece.
based on maximum likelihood (Felsenstein, 1981), (ii) a
combination of the programs seqboot, distance, and
MATERIALS AND METHODS neighbor from the Phylip package of phylogenetic analy-
sis programs (Felsenstein, 1989), (iii) the program dna-
Patients pars in the same package, which computes phylogenies
based on parsimony, and (iv) the program distance from
Serum samples from 110 patients diagnosed with the Wisconsin GCG package (Genetics Computer Group,
chronic HDV infection (positive for hepatitis B surface 1994), which was used to calculate sequence identities.
antigen and antibody to hepatitis delta antigen) were
collected from several areas of the world. Twenty-eight
RESULTS
had participated in natural history studies and trials of
therapy with a-interferon at the National Institutes of Serum samples from 110 patients that had tested posi-
Health (Bethesda, MD). Twenty-three of these (82%) were tive for HBsAg and antibody to HDAg were analyzed for
long-term residents of the United States; the other 5 re- HDV RNA by reverse transcription/nested PCR amplifica-
sided for extended periods in the following countries tion. The overall rate of positivity for HDV RNA was 65%
(one each): Afghanistan, Egypt, France, Italy, and Venezu- and varied significantly according to the country of origin
ela. Of the U.S. residents, 14 were intravenous drug us- (Table 1). The rate of positivity for HDV RNA by PCR
ers. Thirty-one patients were residents of the town of was related to disease (as measured by alanine amino-
Archangelos, on the Greek island of Rhodes (Hadziyan- transferase) in patients as grouped by country/region.
nis et al., 1987), 25 were long-term residents of other Thus, 96% (22/23) of patients from the United States were
areas of Greece, 14 were residents of Albania who had positive for HDV RNA, while only 48% (15/31) of patients
moved to Greece, 2 were residents of Romania who had from Archangelos, Rhodes were positive (Table 1); over-
all, disease severity was highest among patients from themoved to Greece, and 10 were from Turkey.
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United States and lowest among those from Archangelos
(Hadziyannis et al., 1987) (Table 1). Moreover, similar to
findings in other studies (Smedile et al., 1986; Wu et al.,
1995b), within each country/region median ALT levels
were higher among patients with detectable HDV RNA
FIG. 1. Schematic diagram of the HDV genome and region analyzed(not shown).
by RT/PCR and sequencing. The thick closed line indicates the HDVThe 72 samples positive for HDV RNA were subjected
RNA genome, and the open rectangle inside of it the coding sequences
to direct nucleic acid sequence analysis of positions of HDAg. N and C denote the N- and C-termini, respectively, of HDAg.
909–1264 in the purified PCR products (Fig. 1). This re- The location of the genomic autocatalytic cleavage site is indicated by
the open triangle, the polyadenylation site by the filled circle, and thegion includes several important functional elements, in-
RNA editing site/termination codon for the short form of HDAg by thecluding the coding region of the C-terminal half of HDAg,
asterisk. Locations of the PCR primers are indicated by arrows andthe RNA editing site (Luo et al., 1990; Casey et al., 1992),
the region amplified by the thin straight line.
and the polyadenylation signal site (Hsieh et al., 1990),
and has been shown to give an accurate assessment of
the HDV genotype (Casey et al., 1993; Zhang et al., 1996; all belonged to HDV genotype I (Fig. 2). Previously ana-
lyzed sequences identified as belonging to genotype INiro et al., 1997). The nucleic acid sequence of each
include 47 from Italy, 5 from other areas in Europe, 7isolate was unique, confirming the absence of contami-
from north Africa, 6 from East Asia, 3 from the Unitednation in the PCR assays. Phylogenetic analysis of these
States, and 1 from the South Pacific island of Naurusequences along with published sequences indicated
(Casey et al., 1993; Wu et al., 1995c; Zhang et al., 1996;three distinct groups of HDV sequences which corre-
Niro et al., 1997). Thus, the data presented here morespond to genotypes I, II, and III, as previously defined
than doubles the number of available genotype I se-(Casey et al., 1993) (Fig. 2). The genotypes were observed
quences and provides significantly greater depth of se-in trees generated by maximum likelihood (Fig. 2) and
quence information from the United States and areas inwere also supported 100% by bootstrap analysis in con-
and around Greece. The data also confirms the nearlyjunction with both neighbor joining and parsimony (not
worldwide distribution of HDV genotype I.shown). The mean sequence identity between isolates
Previous reports based on relatively small numbers ofof different genotypes was 67 to 76%, as compared with
sequences suggested that genotype I could be further92 to 95% for those of the same genotype (Table 2). None
divided into phylogenetic subtypes (Casey et al., 1993;of the identities between isolates of different genotypes
Zhang et al., 1996). The analysis reported here includeswas as great as any of those between isolates of the
a total of 148 HDV sequences, 141 of which belong tosame genotype (Table 2), further indicating that these
genotype I. None of the phylogenetic methods employedgenotypic groupings are distinct.
on this large group of sequences supported the exis-The 72 sequences obtained in this study (primarily
tence of phylogenetic subtypes of HDV genotype I. Whileindicated in Fig. 2 by open symbols and by the letters A,
north African sequences (Zhang et al., 1996) were mostE, F, R, and Ro) from areas as disparate as the United
distantly related to other type I sequences in general,States, Greece, Albania, Turkey, Egypt, and Afghanistan,
the differences among these sequences were also very
large (Fig. 2 and Table 3); thus, only about 30% of boot-
strap replicates supported the formation of a subgroupTABLE 1
consisting of these isolates—far too low to indicate a
Detection of HDV RNA by RT/PCR among Anti-HD Positive Patients
phylogenetic subtype. Moreover, as Zhang et al. (1996)from Different Countries
have shown, while phylogenetic analysis of the amino
No. of No. positive for Median acid sequences of the HDAg-encoding region supports
Country/region patients HDV RNA (%)a ALT the classification of HDV genotypes I, II, and III, no sub-
types are identifiable (not shown).
United States 23 22 (96) 127
Although phylogenetic analysis did not support distinctAlbania 14 10 (71) 75
subtypes within HDV genotype I, some isolates did ex-Mainland Greece 25 15 (60) 55
Archangelos, Rhodes 31 15 (48) 34 hibit clustering according to geography (Fig. 2). Median
Turkey 10 5 (50) n.a. sequence differences among isolates within the United
Otherb 7 5 (71) 113 States, East Asia (Taiwan, China, and Japan), Turkey,
Total 110 72 (65) Archangelos, and Albania were lower than those among
all genotype I isolates (Table 3). In contrast, isolates from
a By Fisher’s exact test: United States vs Greece, P  0.004; United Italy and mainland Greece were widely distributed (Fig.
States vs Archangelos, P  0.0002; United States vs Turkey, P  0.005.
2) and had higher median sequence differences amongOther comparisons are not significant.
isolates, as did those from northern Africa (Table 3). Theb Romania (2), Egypt (1), Afghanistan (1), France (1), Venezuela (1),
Italy (1). frequency distribution of differences between sequence
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FIG. 2. Phylogenetic tree of 148 HDV isolates based on the comparison of a 356-nucleotide segment from the C-terminal half of the genome
(position 909 to 1264, numbering according to Wang et al., 1986) by the Maximum Likelihood method (Felsenstein, 1981). Genotypes I, II, and III
are identified. Symbols indicate isolates from the following locations: (l) Italy; (l) east Asia; (j) north Africa; (h) United States; (L) Greece; (‹)
Archangelos, Rhodes; ( ) Albania; (s) Turkey. Countries/regions represented by few isolates are designated: A, Afghanistan; B, Bulgaria; C,
Colombia; E, Egypt; F, France; J, Jordan; K, Kuwait; L, Lebanon; M, Moldavia; N, Nauru; P, Peru; R, Russia; Ro, Romania; S, Sweden. (Previously
reported sequences included in the analysis were from Wang et al.; 1986, Makino et al., 1987; Chao et al., 1990; Imazeki et al., 1990; Saldanha et
al., 1990; Chao et al., 1991; Lee et al., 1992; Casey et al., 1993; Liu et al., 1993; Zhou et al., 1994; Wu et al., 1995a; Casey et al., 1996; Zhang et al.,
1996; and Niro et al., 1997.)
pairs also supported the conclusion that HDV genotype by 2 to 1. Both coding potential and structural features
of the RNA appeared to play important roles in theI isolates from Italy and mainland Greece were more
diverse than those from the United States, East Asia, sequence conservation. First and second codon posi-
tions were more conserved than third codon positions;Turkey, Archangelos, and Albania (not shown).
The addition of a large number of sequences with 82% of first and second positions vs 63% of third posi-
tions were more than 95% conserved among genotypesignificant diversity provides a unique opportunity for
comparative sequence analysis of HDV isolates, par- I isolates. The importance of preserving RNA structural
elements was indicated by analysis of the noncodingticularly those within genotype I. Comparison of the
nucleic acid sequences in the 909 – 1264 segment of sequences (nt 953 – 909), in which 87% of positions,
including the polyadenylation signal sequence, weregenotype I HDV isolates indicated both highly con-
served and highly variable regions (Fig. 3). Overall, more than 95% conserved among genotype I isolates.
Further, while 3rd codon positions were more variablesequences were highly conserved; 272 of 356 posi-
tions (76%) were identical among more than 95% of than 1st or 2nd positions, many showed no variations
even when any of the 4 nucleotides would preserveisolates. Purine – purine and pyrimidine – pyrimidine
variations outnumbered purine – pyrimidine variations the amino acid sequence. Most of these highly con-
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TABLE 3served 3rd codon positions were located within larger
regions of high conservation (Fig. 3). Sequence Divergence among Genotype I Isolates from
The amino acid sequence of HDAg was also highly Different Countries/Regions
conserved among genotype I isolates (Fig. 4). Fifty per-
Number of HDV Median differencecent of sites were invariant, and 78 of 102 positions (76%)
Country/region RNA (/) isolates among isolates (%)were fully conserved among more than 95% of isolates.
Moreover, of the 12 sites with high variability (30%) 5 Italy 46 8.4
exhibited semiconservative variations (R-K, S-A-T, V-I-L). Mainland Greece 12 8.0
United States 23 5.3Comparison of the sequence variation among genotype
Archangelos, Rhodes 15 5.3I isolates with the prototype sequences for HDAg of ge-
Turkey 5 4.2notypes II and III indicated a few hypervariable positions,
East Asia 5 4.2
several highly conserved regions and genotype-specific Albania 10 3.1
sequences that could be related to functional differences North Africaa 8 13.4
among the genotypes (Fig. 4). Among highly conserved
All isolates 127 8.4
regions were sequences in the RNA-binding region, in-
cluding a glutamic acid pentad (aa 125–130) and se- a Includes 1 from Egypt (this study), 6 from Ethiopia, and 1 from
Somalia (Zhang et al., 1996).quences in the glycine-proline rich segment (aa 160–
169, 175–179, and 183–187). While potentially signifi-
cant variations between the genotypes were found
throughout the HDAg-coding region, including the RNA- tions and possibly different disease associations (Casey
et al., 1993). Our data have confirmed the widespreadbinding domain (Lazinski and Taylor, 1993; Poisson et
al., 1993; Lee et al., 1993) (e.g., glutamate or aspartate geographic distribution of HDV genotype I. This genotype
has previously been identified in sequence analysis ofvs arginine or lysine at positions 135, 139, 141), the most
distinctive region of genotype-specific sequence was HDV RNA in numerous isolates from Italy, as well as a
few from other European countries, North America, thethat corresponding to the C-terminus of the long form of
hepatitis delta antigen. This 19–20 aa region, which is Middle East, north Africa, Asia, and the South Pacific
(Casey et al., 1993; Zhang et al., 1996; Niro et al., 1997). Intranslated at later stages in the infection cycle as a result
of RNA editing (Luo et al., 1990; Casey et al., 1992), en- this study we have found many additional HDV genotype I
isolates in the United States, Albania, mainland Greece,ables packaging of HDV RNA with HBsAg (Ryu et al.,
1992). Among type I isolates this region is highly con- Archangelos, a town on the Greek island of Rhodes, and
Turkey. In total, 72 new genotype I sequences were ob-served (Fig. 4): 17 of the 19 amino acids were more than
95% conserved among isolates, and the variations at the tained, more than doubling the previous total number of
available sequences. Genotype I was the predominant2 variable positions were semiconservative (I-L and S-
A). However, in the same segment of type II and type III, form of HDV among the isolates analyzed, and in some
areas this predominance was overwhelming. Of patientsonly 4 and 3 amino acid positions, respectively, were
identical to the corresponding positions in genotype I who were long-term residents of the United States, 96%
were positive for HDV RNA by RT-PCR; all were found to(Fig. 4). Notably, the isoprenylation site (CRPQ) (Glenn et
al., 1992) was similar in all three genotypes. be HDV genotype I. Similar results were obtained in a
previous analysis in which 98% of Italian patients wereDISCUSSION
positive for HDV RNA that was determined to be geno-
Sequence analysis of hepatitis delta virus has indi- type I (Niro et al., 1997).
cated three genotypes, with different geographic distribu- The inability to detect HDV RNA in a sizable number of
patients from Greece, Albania, Archangelos, and Turkey
TABLE 2 (see Table 1) was related to decreased disease among
these groups, as found in previous studies (HadziyannisPercentage Nucleotide Identity within and between HDV Genotypes
I, II, and III et al., 1987). Whether the inability to detect HDV RNA
among these patients indicates recovery from HDV infec-
Genotype I II III tion or simply very low levels of viremia may merit further
study. In a preliminary PCR analysis of HDV RNA-nega-I 91.7a 76.3 69.0
tive samples with different sets of primers, no HDV RNA(84.3–99.4)b (72.8–79.3) (65.5–71.5)
II 93.2 67.0 was detected (not shown). Further analysis of additional
(92.3–94.6) (66.2–67.6) serum samples and with multiple sets of primers could
III 95.2 be necessary to determine whether HDV RNA-negative
(92.9–98.9)
patients have truly low levels of HDV RNA or are infected
with new HDV variants, possibly belonging to differenta Mean identity.
b Range (minimum–maximum). genotypes.
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FIG. 3. Consensus nucleotide sequence of HDV genotype I RNA from position 909 to 1264. The sequence shown is antigenomic sense and for
sequences encoding HDAg is divided into triplets. The consensus at each position indicates the most commonly occurring nucleotide for that
position. Bars in the graph indicate the percentage of isolates deviating from the consensus sequence at each position.
Despite evidence of geographic clustering of se- these areas multiple times. It may be significant that
HDV infection is much more prevalent in these areas,quence similarities, there were no phylogenetically dis-
tinct subtypes within genotype I that could account for as compared with the United States and east Asia, and
that transmission in some low-endemicity areas, suchmore than a few isolates. This result differs from previous
suggestions (Casey et al., 1993; Zhang et al., 1996), as the United States, is frequently associated with intra-
venous drug use. The low sequence diversity amongbased on analysis of far fewer sequences, that there
may be two or three distinct subtypes of HDV genotype isolates from Archangelos is particularly interesting in
light of the unusually mild pattern of HDV disease foundI. The wide dispersion of HDV RNA sequences in Italy,
Greece, and north Africa could indicate that HDV infec- in this community (Hadziyannis et al., 1987) and is con-
sistent with the possibility that viral genetic factors playtion has persisted in these areas relatively longer than
in the others, and/or that HDV has been introduced in a role in this disease pattern.
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FIG. 4. Consensus amino acid sequence of HDV genotype I HDAg from position 113 to 214, which corresponds to the C-terminal half of the
antigen. Consensus was derived as in Fig. 3. Bars indicate percentage of isolates deviating from the consensus at each position. Different shadings
indicate the frequency of other amino acids, the most common of which are identified by a letter above the bar. The asterisk (*) indicates the stop
codon for the short form of HDAg.
The widespread geographic distribution of HDV geno- but highly variable from one genotype to another. The
identification of these regions could provide opportuni-type I is in contrast to that of genotypes II and III, which
appear to be much more restricted geographically. Geno- ties for the discovery and analysis (in vitro, in cell culture
systems, and in animal models) of functional elementstype II has been found only in east Asia (Japan and Tai-
wan) where it coexists with genotype I (Wu et al., 1995a,c; that are essential for HDV replication or that modulate
replication and disease.Lee et al., 1996). Genotype III is exclusively associated
with northern South America (Casey et al., 1993, 1996). In conclusion, HDV genotype I is geographically wide-
spread; it appears to be the predominant genotype inThe explanation for the different distribution patterns is
uncertain, but likely factors include specific interactions many areas, including North America and Europe. Geo-
graphic clustering suggests a more recent introductionbetween the HDV genotypes and the dominant genotype
of HBV in different regions and different migration and of HDV into some populations (United States) as com-
pared with others (Italy, Greece, north Africa). Analysismixing patterns of human populations over time. The
former possibility is suggested by the association of HDV of more HDV sequences as well as the helper HBV, in
particular from areas not yet studied (e.g., middle Asiagenotype III and HBV genotype F in northern South
America (Casey et al., 1996). Further supporting this hy- and central Africa), will continue to enhance our under-
standing of the virologic and epidemiologic propertiespothesis is the presence of marked conserved differ-
ences among genotypes I, II, and III in the C-terminal of HDV.
region of HDAg, which is required for interaction with
hepatitis B surface antigen (Ryu et al., 1992). The distribu-
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